INTRODUCTION

20
Due to the characteristics of groundwater flow in karst terrain, flash flooding in such a context 21 is strongly different from that in non-karst terrain, the groundwater volume being much 22 larger. Such phenomena may cause serious damage, including the loss of life. For this reason, 23 karst flash-flooding has been identified as one of the main hazards in karst terrains. It is 24 directly linked to the structure and hydraulic properties of karst aquifers. The main cause is 25 the rapid circulation of large quantities of infiltrated water through karst conduits with a 26 dynamic that is very close to that of surface-water runoff. Detailed causes of karst flash-27 floods include (Bonacci, 2006) : 1) High infiltration rate; 2) Rare or non-existent overland 28 flow and open streams; 3) Strong interaction between surface water and groundwater; 4) 29 Small storage capacity of the karst system; 5) Fast groundwater flow through karst conduits; 30 6) Strong and direct connections between surface inflow through swallow-holes and outflow 31 table in karst areas; 8) Interbasin overflow and/or redistribution of catchment areas caused by 33 groundwater rise; 9) Limited discharge capacity of karst springs; and 10) Limited capacity of 34 swallow-holes. 35
Studies on the Coulazou river in south of France (Bailly-Comte, 2012) show that karst 36 watersheds can be considered as hydrological systems with low retention capacities and risk 37 of strong amplification or generation of floods and flash floods. Rainfall characteristics and 38 groundwater level conditions prior to the flood event are the main factors involved in karst 39 flood generation. Considering that the flood maximum discharge is the most important 40 parameter defining flash flood hazard, the aggravating effect due to high water table  41 conditions prior to the rainy event may be higher than 80% with respect to expected values 42 from surface runoff only. In the Nîmes area, the study of the double rainfall event of 43
September 2005 has shown that the karst aquifer saturation (by the first event) induces a 44 decrease of the retention capacity of the watershed from 85 % to 0%; corresponding to runoff 45 coefficients of 15 and 100 % respectively for the first and the second events (Maréchal et al. 46 2009). These results show that understanding groundwater-surface water interactions is 47 crucial for describing the flash flood dynamics in karst terrains. 48
The important role played by groundwater requires its consideration in the design of warning 49 systems and forecasting tools (Maréchal et al. 2008) . Actually, there is no flood management 50 strategies commonly accepted for karst basins. Only few studies exist on this topic. An 51 example of flash flood modelling was proposed in Koiliaris River basin in Crete (Kourgialas, 52 2012) . The knowledge, in real time, of the flash flood prediction model, was used to mitigate 53 the highest flash flood events. The difficulty in modelling such hydrosystems is mainly due to 54 the interaction between surface-and groundwater. A modelling tool based on a reservoir 55 approach of surface-and groundwater systems is described in this paper. It is applied to the 56 Nîmes karst basin prone to flash-flooding, and used for designing a forecasting and flood-alert 57 system. 58
Nîmes traversed very temporarily by torrential flow during rainfall events: the Uzès stream 73 from the east, the Alès stream from the north and the Camplanier stream from the west. These 74 streams are monitored for their discharge by the municipal services in order to organize flood 75 alerts and manage the emergency services during flood crises. 76
Recession analysis 77
The recession shape of a hydrograph is influenced by the size of the karst aquifer, but it is 78 also a function of hydrodynamic characteristics, such as the infiltration rate into the vadose or 79 unsaturated zone and the flow-rate of water in the saturated zone. In general, it is considered 80 that the recession curve is influenced by two components: quickflow through the network of 81 channels, and baseflow through the porous matrix and its small cracks and stratification 82 joints. Analysis of FdN flow during the very long dry period of 2005 ( importance of the concavity of the quickflow in terms of t -1 ). This function is defined between 100 t=0 and t i2 , which is the duration of second quickflow. This component corresponds to the 101 influence of slow infiltration into the epikarst. 102
The various coefficients of Eq. 1 (α, η, ε) are defined using a modified version of the classicalon the fitting of the recession flow curve. Result is presented on Fig. 3 . This method permits 105 the identification of three components of discharge which are presented on Fig. 3 . Associated 106 volumes can be calculated, including their durations which are directly read on the graph. 107
The duration of rapid infiltration is quite short (30 days) and the infiltration velocity is rather Tables 1 and 2.  123 Examination of the sorted-discharge-rates diagram of the FdN spring over a long period 124 (1998 ( -2005 ( : Maréchal et al., 2008 ( , 2009 shows that during high flood periods (Q >13 to 125 15 m 3 s -1 ) the hydraulic properties of the hydrosystem change: the discharge rate at the main 126 spring increases less rapidly. This is typical of a participation of other, intermittent, overflow 127 springs to the total discharge of the system; therefore, the discharge at the main spring 128 The major role of karst groundwater in flood genesis means that this component must be 150 taken into account in the "ESPADA" warning system of Nîmes Municipality, which up to now 151 was based essentially on the monitoring of surface floods, using limnimeters and video 152 cameras, and of rainfall using rain gauges and radar (Delrieu et al., 1988 (Delrieu et al., , 2004 
Different types of models 167
Conceptual or reservoir models are developed using the results of a hydrogeological study 168 that determines the general aquifer structure and the overall functioning of the system. They 169 consist of simple transfer equations linking connected reservoirs. The reservoirs fill and 170 empty, transforming rainfall into flow rates. The structure of these models is generally based 171 on a production function and a transfer function. Reservoir models remember the previous 172 hydraulic head in each reservoir and simulate the main steps of the flow dynamics. This type 173 of model is commonly used in hydrology for flow-rate or groundwater-level simulations using 174 rainfall data (rainfall-discharge or rainfall/groundwater-discharge models), and includes 175 TOPMODEL (Beven and Kirkby, 1979) , HBV (Bergström and Forman, 1973) , IHACRES 176 (Jakeman et al., 1990) , and GR4J (Perrin et al., 2003) . 177
The simulations of the major drain water level and spring discharges have been done using 178 reservoirs models. A reservoir model describes a hydrological system using reservoirs in 179 cascades representing sub-systems which interact together through simple physical laws. This 180 type of model simulates the relationship between rainfall (as an input) and discharge or water 181 level (as an output). 182
This method, already applied to many karst systems, is well suited for deciphering their 183 overall behaviour (Larocque et al., 1998; Labat et al., 2002; Denic-Jukic and Jukic, 2003; 184 Rimmer and Salingar, 2006; Dörfliger et al., 2009; Fleury et al., 2009) . 185
In our study, Vensim® software was used for developing a 15-minutes time-scale model that 186 reproduces the Mazauric-drain water level and spring discharge. This time scale is 187 deliberately short and was chosen to be consistent with the Nîmes flood-alert system. The 188 model is characterized by two reservoirs, one representing soil, the other the saturated karst 189 zone. 190
Data 191
differences in rainfall data. For that reason, rainfall was estimated using two different 193 methods. For medium-and low rainfall events, a weighting technique based on Thiessen 194 polygon (stations weighted according to their relative areas defined using a polygonal 195 analysis) of three rainfall stations was used, which are Anduze, Uzès and Bonfa (Fig 1) . The soil reservoir was modelled for calculating infiltration; it feeds the saturated zone (drain 223 and matrix) reservoirs. The infiltration was calculated from rainfall as inflow and actual 224 evapotranspiration, AET, as outflow. Infiltration occurs when the soil reservoir is full, when it 225 cannot store any more water. 226
The soil reservoir is characterized by a water height, H soil , that fluctuates according to the 227 input and output of the reservoir. At time t, this depth is equal to that of the preceding time 228 step to which is added the depth of the rainfall and from which one subtracts the discharge 229 from AET and the infiltration, according to the following volume conservation equation 230 (Fig. 5) : 231 (H soil )t1 = (H soil )t0 + Rainfall -AET -Infiltration Eq. 2 232
All variables are water heights in mm. 233
After a long drought period, it is observed that the first 50 mm of rainfall do not produce any 234 rise at the spring, but more rain produces an increase in the groundwater level at the spring. 235
This means that the first 50 mm contribute to filling the shallow level in our model soil 236 reservoir, and extra rainfall contributes to infiltration. 237 AET discharge obeys Maillet"s law, which describes reservoir outflow through a porous 238 outlet (Maillet, 1905) . Under these conditions, a variation in the amount of discharge 239 corresponding to a variation in water height of the reservoir is written as: 240
Eq. 3 241
where (H out ) t is the discharged water height at time t (m/time unit), (H out ) 0 is the discharged 242 water height at t = 0 (m/time unit), and  is the recession coefficient of the reservoir (1/time 243 unit), the time unit being 15 minutes. 244
The water height leaving the reservoir each time is determined using the following equation: 245
where H out is the water height leaving the reservoir (m/time unit), and H reservoir is the water 247 height in the reservoir (m). 248
In this case, the  soil reservoir coefficient defined by a manual "trial and error" calibration 249 is 0.0003 m/15min. This value permits a good reconstruction of infiltration happening after 250 different drought periods. After 50 days without rain, the soil reservoir is almost empty (less 251 than 10 mm left). 252
The saturated zone is represented by two routing reservoirs, matrix and drain, that are both 253 characterized by a water height, H drain/matrix, that fluctuates according to the input and 254 output of the reservoir. At time t, this depth is equal to that of the preceding time step, to 255 which is added the infiltration water height and from which one subtracts the discharge of the 256 system, according to the following equation: 257 (Hdrain)t1 = (Hdrain)t0 + infiltration -Hrapid discharge Eq. 5a 258 (Hmatrix)t1 = (Hmatrix)t0 + infiltration -Hslow discharge Eq. 5b 259
where Hdrain/matrix is the water height in the saturated reservoir (drain and matrix). Hrapid 260 discharge and Hslow discharge are the water leaving the karst system at each time step, 261 feeding the Fontaines de Nîmes spring. H out drain represents rapid discharge and H out matrix 262 represents slow discharge. All the variables are water heights in m. 263
Discharge from the drain saturated-zone reservoir as soil reservoir obeys Maillet"s law. 264
The  drain saturated-zone reservoir calibration value defined by a step by step trial and error 265 method is 0.005 m/15min. 266
The  matrix saturated-zone reservoir reproduces the recession; its value, defined by results 267 For most of the main events, water-level data were not available, but the high discharge rates 304 measured in the cadereau streams show that the karst component occurred. The simulations of 305 these events (Table 4) Concerning the uncertainties on water levels, tests were done using the model with rainfall 338 variations of +/-10%, which showed that drain water-level variations were about 20 cm due 339 to rainfall uncertainties. 340
The use of the Rainfall vs. Drain water-level abacus is illustrated with the September 2005 341 event that can be divided into five sub-events (Table 5) . During the preceding month of 342 August 2005 there was no rainfall and the soil contained no water. We thus were at point A at 343 the start of the event (Fig. 10) 
